procedure, and its analysis by NaDodSO4/PAGE revealed one peptide of 4-5 kDa under nonreducing or under reducing conditions. Pore-forming activity was measured by depolarization of liposome membrane potential and was found to be optimally expressed at low pH. Active material preferentially inserted into negatively charged lipid vesicles. Treatment of purified amoeba peptide in solution or bound to liposomes with glutaraldehyde revealed oligomers upon NaDodSO4/PAGE, suggesting functionally relevant peptide-peptide interactions. The NH2-terminal amino acid sequence of the amoeba peptide was determined by protein sequencing and revealed a structural similarity to melittin, the membranolytic peptide of bee venom.
Entamoeba histolytica, the protozoan parasite causing amoebiasis, is capable of destroying the tissue of the infected host and is cytolytic to a variety of cell types in vitro (1) . Because the cytolytic reaction is contact-dependent and takes place within minutes of conjugation with target cells, it resembles that of cytotoxic lymphocytes (2) . Lymphocytes lyse cells by secreting a protein that forms stable pores in the membrane of target cells (3) . Such pore-forming proteins have been found as mediators of membrane damage in a variety of organisms from prokaryotes to humans and including protozoan parasites (2) (3) (4) (5) .
It has been reported (6, 7) that E. histolytica also produces a protein capable offorming pores in artificial lipid bilayers and target-cell membranes and that this protein has a molecular mass of 28-30 kDa in its native state and of 13-15 kDa under denaturing and reducing conditions. The protein, named amoebapore, was partially purified recently from the 150,000 x g supernatant of amoeba lysates (8) . Studies of the effect of amoeba lysates or partially purified material on planar lipid bilayers suggested that oligomerization of active protomers occurred during formation of membrane pores (7) (8) (9) .
The present paper describes the isolation of a polypeptide from pathogenic E. histolytica with pore-forming activity, its NH2-terminal amino acid sequence, and its structural similarity to melittin, the membranolytic polypeptide of bee venom.
MATERIALS AND METHODS
The following materials were purchased from Sigma: aprotinin (Mr 6500); crude phosphatidlycholine type 1I-S of soybeans; phosphatidylcholine, dioleoyl; phosphatidylethanolamine type III of egg yolk; phosphatidylglycerol, dioleoyl; phosphatidylinositol of bovine liver; phosphatidylserine of bovine brain; sphingomyelin of egg yolk; trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane (E-64); and valinomycin. 3,3'-Diethylthiodicarbocyanine iodide was purchased from Kodak, fast protein liquid chromatographic columns Mono Q HR 10/10, Superdex 75 pg 26/60, Superdex 200 pg 26/60, Superose 12 HR 10/30, and gel filtration calibration kits were from Pharmacia LKB, a fast protein liquid chromatographic hydroxylapatite column HPHT was from BioRad, and protein molecular weight standards for NaDodSO4/ PAGE-rainbow markers-were from Amersham.
E. histolytica Isolates. The pathogenic strain HM-1:IMSS of E. histolytica was cultured in axenic medium TYI-S-33 in plastic tissue culture flasks (10) . Trophozoites from cultures in late-logarithmic phase were harvested after being chilled on ice for 10 min. The amoebae were pelleted at 430 x g for 10 min at 4°C, washed twice in phosphate-buffered saline (PBS), and frozen at -70°C.
Trophozoite Extract. Frozen trophozoites (4.5 x 109 cells) were thawed in the presence of the proteinase inhibitors E-64 (10 ,M), benzamidine (6.4 mM), and phenylmethylsulfonyl fluoride (0.5 mM). The cells were frozen and thawed in two cycles and centrifuged at 430 x g for 10 min at 4°C to remove nuclei and debris. The supernatant was carefully removed and centrifuged at 150,000 x g for 40 min at 4°C. The 150,000 x g supernatant (60 ml) was stored at -70°C.
Assay for Pore-Forming Activity. Pore-forming activity was determined essentially according to Loew et al. (11) . Liposomes were prepared as described by Pick (12) from crude soybean phosphatidylcholine at a concentration of 40 mg-ml-1 in 50 mM K2SO4/0.5 mM EDTA/50 mM Tris maleate, pH 5.2. For the assay liposomes were diluted 1:4000 in the buffer used for the liposome preparation with K+ replaced by Na+ (cuvette buffer). Addition of valinomycin to a final concentration of 1 nM resulted in a potassium diffusion potential that was monitored by the fluorescence quenching of 3,3'-diethylthiodicarbocyanine iodide dye (1 ,uM). Fluorescence was measured by a fluorescence spectrophotometer (model MPF-2A; Perkin-Elmer) using excitation and emission wavelengths of 620 nm and 670 nm, respectively. Poreforming activity was measured as the initial change in fluorescence intensity over time after adding the sample. One unit of activity was defined as a fluorescence increase to 5% of the prevalinomycin intensity in 1 min at 25°C.
Absorption of Pore-Forming Activity. Aliquots of trophozoite extract (5 ,ul) were diluted with phosphate-buffered saline (15 ,l) and incubated for 3 hr at 4°C with phospholipid vesicles at various concentrations in cuvette buffer (380 ,l). Vesicles were prepared by hydration of dried films of different phospholipids in conical-bottomed flasks with cuvette buffer and subsequent sonification. After the incubation period 2 Al of the extract/phospholipid mixture was assayed for activity. Addition of vesicles alone did not change fluorescence level of the assay. Purified amoeba peptide was adsorbed to phosphatidylinositol vesicles and subjected to NaDodSO4/PAGE.
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Purification of Pore-Forming Peptide. All purification procedures were done at 40C, and samples were kept on ice. Buffers for the first two chromatographies contained the proteinase inhibitors E-64 (10 ,uM) and benzamidine (6.4 mM). Plasticware with minimal adsorption properties (Microsorp immuno tubes, Nunc) was used. Dialysis and concentration procedures were kept to a minimum. Pore-forming activity was assayed immediately after each purification step, and active material was stored at -20'C without delay. Aliquots of active fractions were analyzed by NaDodSO4/ PAGE. Fractions were pooled according to activity and homogeneity of the banding pattern and applied to the next column. Protein concentration was determined according to Bradford (13) using bovine serum albumin as standard. The trophozoite extract was thawed, centrifuged at 150,000 x g for 40 min at 40C, and passed in three batches of 8 ml containing 290 mg of protein each over a Superdex 75-pg column using 20 mM Tris buffer, pH 7.8. Fractions containing the majority of pore-forming activity were pooled and applied in one batch of 44 ml containing 10 mg of protein to a Mono Q anion-exchange column. The column was equilibrated with 20 mM Tris buffer, pH 7.8. Adsorbed protein was eluted by washing with the same buffer (40 ml) and by use of NaCl concentration gradients from 0 to 100 mM (160 ml) and from 100 to 300 mM (30 ml) and final washes with 300 mM NaCI (30 ml) and 1 M NaCl (40 ml). Fractions with highest pore-forming activity were pooled, and an aliquot (8 ml, 0.24 mg of protein) was subjected to a high-performance hydroxylapatite column equilibrated with starting buffer (5 mM sodium phosphate, pH 5.8). The column was washed with the same buffer and developed with a 100-ml gradient of 5-400 mM sodium phosphate, pH 5.8. Finally the column was washed with 0.5 M sodium phosphate (20 ml).
Amino Acid Sequencing. Material purified by chromatography on Mono Q was dialyzed against distilled water, concentrated 10-fold by a speed vacuum concentrator, and subjected to reverse-phase HPLC on an Aquapore RP 300 column (2.1 x 30 mm; Brownlee) connected with a 130 A separation system (Applied Biosystems). Elution was done with a linear gradient of 0-70% acetonitrile in water acidified with 0.1% trifluoroacetic acid; the flow rate was 0.2 ml/min, the effluent was monitored by absorbance at 214 nm, and 0.2 ml-fractions were collected. The peak polypeptide fraction was applied to a gas-phase protein sequencer (model 437 A; Applied Biosystems). Additionally, the pore-forming peptide purified with hydroxylapatite was applied directly to protein sequencing or after gel electrophoresis and semidry electroblotting onto a poly(vinylidene difluoride) membrane (Problott; Applied Biosystems). The method did not allow the identification of cysteine.
Rabbit Antiserum. Antiserum to amoeba peptide was obtained by immunizing a rabbit s.c. with 30 ,ug of the antigen purified by chromatography on Mono Q and emulsified in complete Freund's adjuvant. Four boosters followed at intervals of 7-10 days, and the animal was bled 1 week after the final injection. Serum was also collected before immunization (preimmune serum) and used as control.
Gel Electrophoresis and Blotting. NaDodSO4/PAGE was performed according to Laemmli (14) with a 4-20% gradient gel and a 4% stacking gel. For molecular weight determination, the Tricine-NaDodSO4/PAGE for separating small polypeptides, essentially described by Schaigger and von Jagow (15) activity in a pH range of 5.2-8.6, the highest activity being measured at pH 5.2. To determine whether pore formation depended on the chemical structure of the lipid, trophozoite extract was preincubated with vesicles of different phospholipids and subsequently tested for activity in the standard assay. Adsorption of pore-forming material appeared to be affected by the net charge of the vesicle surface ( Fig. 1) : All vesicles composed of phospholipids with negative charge absorbed the activity, whereas phospholipids without a net charge were ineffective.
Upon separation of trophozoite extract by molecular sieve chromatography on Superdex 200 pg, a single peak of poreforming activity was detected. Active material was eluted at a position of 14 kDa regardless ofwhether the buffer contained 150 mM NaCl or no salt (Fig. 2) . This finding was confirmed on Superose 12. Chromatography on Superdex 75 pg, which predominantly separates low-molecular-mass material, revealed the Mr of pore-forming material to be -11 kDa.
Isolation of the Pore-Forming Peptide from Pathogenic E. histolytica. Superdex 75-pg column separated high-and low-molecularmass material from the active component. Further purification was achieved by Mono Q anion-exchange chromatography. The active material was only weakly retained by the column, and the main part of it was eluted with the starting buffer. Pooled fractions contained primarily a polypeptide of -4-5 kDa detected by NaDodSO4/PAGE (Fig. 3) . To ascertain that this polypeptide represents the pore-forming material and to remove minor contaminants, an aliquot of this material was chromatographed on a hydroxylapatite column. Most pore-forming activity was eluted at 250 mM sodium phosphate. Again a distinct protein band of -4-5 kDa was detectable in this fraction by NaDodSO4/PAGE (Fig. 3) . The isolation to apparent homogeneity ofthe amoeba peptide with this three-step purification scheme resulted in a 120-fold purification and a recovery of '3% ( Table 1 ). The molecular mass of the peptide was estimated to be 4.7 kDa upon Tricine-NaDodSO4/PAGE under nonreducing conditions and after reduction and alkylation (data not shown).
Partial Primary Structure. The amoeba peptide obtained from the Mono Q column was purified further either by hydroxylapatite chromatography or by HPLC and subjected to protein sequencing. The NH2-terminal sequence of both samples was identical and revealed a primary structure similar to that of melittin from Apis florea (Fig. 4) .
Reversible Oligomerization of Amoeba Peptide. To examine its molecular organization after insertion into a membrane, amoeba peptide adsorbed to phosphatidylinositol vesicles was subjected to NaDodSO4/PAGE. Without chemical crosslinking, the peptide exhibited monomeric behavior. However, treatment of the liposome-bound peptide with glutaraldehyde for 2 min revealed the presence of homooligomers that were detected by immunoblot analysis by using an antiserum to the amoeba peptide (Fig. 5) . In addition to the monomer, higher-molecular-weight entities were seen that appeared to be dimers up 
DISCUSSION
In the present study we isolated a pore-forming peptide from pathogenic E. histolytica. The amoeba peptide described here is probably identical to amoebapore, the pore-forming protein partially purified by Rosenberg et al. (8) , because in both purification procedures the starting material was the same amoeba strain, the first two purification steps were nearly identical, and the activity assay was very similar. However, the molecular mass of the pore-forming component estimated in this study differs from that reported (8) . These authors proposed that in the native state amoebapore constitutes a dimer of 28-30 kDa, whereas in our study molecular sieve chromatography on different matrices yielded a molecular mass of [11] [12] [13] [14] for the active peptide. NaDodSO4/PAGE results have led to the suggestion (8) that the molecular mass of the monomer was 14 kDa, although the authors noted that the partial purification and small amounts of material precluded documentation of purity on a polyacrylamide gel. In contrast, we found the pore-forming peptide to have a molecular mass of 4.7 kDa upon NaDod-S04/PAGE. These disparate results may be from the use of different matrices for molecular sieve chromatography and from the insufficient resolving power of standard NaDodSO4/PAGE for peptides <15 kDa (15) . Our molecular sizing experiments do not allow us to decide whether the amoeba peptide in its native state occurs as a dimer or whether the molecule in its monomeric form possesses an unusually high Stokes' radius. A similar phenomenon was 
NH2-terminal amino acid sequence ofthe amoeba peptide compared with the sequence of melittin of Apis florea (one-letter notation of amino acids is used). Identical residues are indicated by vertical bars. When identification was ambiguous or impossible, the residue is represented as X. The asterisk indicates an amidated carboxyl terminus. For optimal alignment a gap was introduced into the sequence of melittin. In the overlap of 25 amino acids, 40%o of the residues are identical.
described for the 4-kDa antibacterial peptide cecropin A from silk moths, which eluted from a calibrated sizing column at a position corresponding to -14 kDa (16) . However, our crosslinking experiments with glutaraldehyde suggest that indeed the amoeba pore-forming peptide tends to undergo self-association and to form reversible oligomers.
The amoeba peptide expresses no specificity for a certain lipid structure, but it preferentially inserts into negatively charged phospholipid bilayers irrespective of the nature of the headgroups. Such a behavior is known from a variety of cytolysins and was proposed to be based on a common cationic site that determines the lytic activity by enhancing the interaction with negatively charged vesicles or cell surfaces (17) . Examples ofthese kinds ofpeptides are sarcotoxin IA, an antibacterial peptide of flesh flies (18) , and melittin, the membranolytic polypeptide of the venoms from bee species (19, 20) .
The partial primary structure of the amoeba peptide determined by protein sequencing shows a remarkable degree of similarity to melittin, especially to that of Apisflorea (Fig.  4) . The primary structure of this melittin differs from that of the common honeybee, Apis mellifera, at five positions (21) .
Projection of the NH2-terminal amino acids 1-20 of the amoeba peptide as an a-helical wheel (22) showed a segregation of hydrophilic and hydrophobic amino acids similar to melittin (Fig. 6 ), suggesting similarity in secondary structure. The amphiphilic a-helical structure is known for many mem- (29, 30) . Such helical peptides should be at least 20 residues in length to allow a perturbation of the lipid bilayer (31 (31, 32) suggest that the secondary structure, rather than the primary structure, is essential for their cytolytic function. The cytolytic activity of most pore-forming proteins described so far is based on the noncovalent aggregation of these molecules in the target membrane (4) . The ninth component of complement (33, 34) and perforin (2, 35, 36) , the pore-forming protein of killer lymphocytes, are wellcharacterized members of this group. Both proteins form large, tubular structures by polymerization of protomers within the lipid bilayer. Models have been proposed according to which a similar cytolytic mechanism applies also to smaller peptides (31, 37) .
With respect to the pore-forming activity of E. histolytica, the data obtained using planar bilayers (7) (8) (9) 38) suggest that an aggregation of protomers occurred during pore formation. Oligomers might already be present in aqueous solution (38) . Keller et al. (9) postulated that amoebapore is a member of the barrel-stave class of pore formers like alamethicin and melittin in that pores consist of complexes of variable numbers of protomers. The observation that the amoeba peptide tends to self-associate in solution and when incorporated into phospholipid bilayers may constitute direct experimental evidence for this hypothesis.
In addition to Entamoeba histolytica, the two protozoan parasites Naegleria fowleri (39) and Trypanosoma cruzi (40) Proc. Nad. Acad. Sci. USA 88 (1991) also possess pore-forming polypeptides. Whereas T. cruzi appears to use the pore-forming activity for evasion from the phagosome into the cytoplasm of the host cell, the poreforming peptide of E. histolytica is thought to mediate the contact-mediated killing ofhost cells by pathogenic amoebae.
Note Added in Proof. Molecular cloning of cDNA and protein sequencing of enzymatically produced peptide fragments reveal the molecular mass of amoeba peptide to be considerably larger (8 kDa) than indicated by its electrophoretic behavior in NaDodSO4/PAGE.
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